Model-based simulations of walking have the theoretical potential to support clinical decision 3 making by predicting the functional outcome of treatments in terms of walking performance. Yet 4 before using such simulations in clinical practice, their ability to identify the main treatment targets 5 in specific patients needs to be demonstrated. In this study, we generated predictive simulations of 6 walking with a medical imaging based neuro-musculoskeletal model of a child with cerebral palsy 7 presenting crouch gait. We explored the influence of altered muscle-tendon properties, reduced 8 neuromuscular control complexity, and spasticity on gait function in terms of joint kinematics, 9 kinetics, muscle activity, and metabolic cost of transport. We modeled altered muscle-tendon 10 properties by personalizing Hill-type muscle-tendon parameters based on data collected during 11 functional movements, simpler neuromuscular control by reducing the number of independent 12 muscle synergies, and spasticity through delayed muscle activity feedback from muscle force and 13 force rate. Our simulations revealed that, in the presence of aberrant musculoskeletal geometries, 14 altered muscle-tendon properties rather than reduced neuromuscular control complexity and 15 spasticity were the primary cause of the crouch gait pattern observed for this child, which is in 16 agreement with the clinical examination. These results suggest that muscle-tendon properties 17 should be the primary target of interventions aiming to restore a more upright gait pattern for this 18 child. This suggestion is in line with the gait analysis following muscle-tendon property and bone 19 deformity corrections. The ability of our simulations to distinguish the contribution of different 20 1 Falisse et al.
. Overview of (A) clinical questions and corresponding simulations, and (B) methodology. MRI images are used to generate a musculoskeletal model of the child with subject-specific geometries. This MRI-based model as well as experimental data collected during walking and instrumented passive spasticity assessments (IPSA) are inputs to optimization procedures providing personalized estimates of Hill-type muscle-tendon parameters characterizing altered muscle-tendon properties and personalized feedback gains characterizing spasticity. The framework for predictive simulations generates gait patterns by optimizing a cost function, describing a walking-related performance criterion, subject to the muscle and skeleton dynamics of the MRI-based musculoskeletal model. We investigated the effects of impairments on predicted gait patterns (dotted arrows): Q i we evaluated the effect of altered versus unaltered muscle-tendon properties by using personalized versus generic muscle-tendon parameters in the muscle dynamics; Q ii we assessed the influence of reducing the neuromuscular control complexity by imposing a reduced number of muscle synergies; Q iii we explored the impact of spasticity on walking performance. Details on how we modeled these impairments are described in the methods. As an additional analysis, Q iv , we evaluated how well the model was able to reproduce the gait pattern of a typically developing (TD) child by adding a term in the cost function penalizing deviations between predicted gait pattern and measured gait data of a TD child. All these analyses can be combined as well as performed in isolation. Details are provided in section "model-based analyses". one at a time from a predefined position throughout the full range of motion (ROM). The stretches 148 were performed at slow and fast velocities. EMG was collected from four muscles (semitendinosus, 149 gastrocnemius lateralis, rectus femoris, and tibialis anterior) using the same system and electrode placement 150 as used for gait analysis. The motion of the distal and proximal segments were tracked using two inertial 151 measurement units (Analog Devices, ADIS16354). The forces applied to the segment were measured using 152 a hand-held six degrees of freedom (DOFs) load-cell (ATI Industrial Motion, mini45). The position of the 153 load-cell relative to the joint axis was manually measured by the examiner.
Muscle strength, selectivity, and ROM were evaluated (Table 1) with a standardized clinical examination protocol (Desloovere et al. (2006) ). The child had close to normal ROM at the hip and ankle but bilateral 156 knee extension deficits, bilateral spasticity in most muscles, good strength in most muscles although slight System (GMFCS).
161 Table 1 . Clinical examination. Spasticity, MAS is for Modified Ashworth Scale: 1 is low, 1+ is medium, and 2 is high spastic involvement; Tard is for Tardieu test. Strength: 3 is medium and 4 is good strength; strength from 3 indicates ability to move against gravity. Selectivity: 1 is medium, 1.5 is good, and 2 is perfect selective control. Clinically meaningful deviations from unimpaired individuals are in bold. We processed the experimental gait and IPSA data, used as input for the estimation of muscle-tendon 2014)). Bones of the lower limbs and pelvis were segmented using insertion points were defined using a previously developed workflow (Scheys et al. (2008) ). The model consisted of 21 DOFs (six between the pelvis and the ground; three at each hip joint; one at each knee, 170 ankle, and subtalar joint; and three at the lumbar joint), 86 muscles actuating the lower limbs (43 per leg), 171 three ideal torque actuators at the lumbar joint, and four contact spheres per foot (Delp et al. (1990 (Delp et al. ( , 2007 ). 172 We added passive torques to the joints of the lower limbs and the trunk to model the role of the ligaments 173 and other passive structures (Anderson and Pandy (2001)). These passive torques varied exponentially with 174 joint positions and linearly with joint velocities. 2016)):
Range of motion
where gait2392 refers to the OpenSim gait2392 model (Delp et al. (1990 (Delp et al. ( , 2007 ).
197
The personalized parameters reflect the muscle force generating capacity of the subject. Only optimal 198 fiber lengths and tendon slack lengths were personalized as gait simulations have been shown to be the 199 most sensitive to these two parameters (De Groote et al. (2010)). The personalization process was based on 200 an extension of an optimal control approach to solve the muscle redundancy problem while accounting problem identifies muscle excitations that reproduce joint torques underlying a given movement while 203 minimizing a performance criterion (e.g., muscle effort). We augmented this formulation in different ways.
204
First, we added optimal fiber lengths and tendon slack lengths as optimization variables. Second, we 205 introduced a term in the cost function minimizing the difference between muscle activations and scaled 206 EMG signals where scale factors were included as optimization variables. Third, we assumed that muscles 207 operate around their optimal fiber lengths, and that maximal and minimal fiber lengths across movements should hence be larger and smaller, respectively, than their optimal fiber lengths. Fourth, we assumed 209 that resistance encountered when evaluating the ROM during the clinical examination may be, at least 210 in part, attributed to passive muscle forces. Hence, we included a term in the cost function minimizing 211 the difference between fiber lengths at these extreme positions of the ROM and reference fiber lengths 212 generating large passive forces. Finally, we minimized optimal fiber lengths, assuming that children with 213 CP have short fibers (Barrett and Lichtwark (2010)). The problem thus consisted in identifying muscle 214 excitations and parameters that minimized a multi-objective cost function: Trunk actuator excitations
where t f is unknown gait cycle duration, d is distance travelled by the pelvis in the forward direction,Ė are 2016)). We manually adjusted the weight factors until we found a set of weights that predicted human-like walking: w 1 = (25/86/body mass) × 10 −2 , 277 w 2 = 25/86 × 10 2 , w 3 = 50/21, w 4 = 10/15 × 10 2 , and w 5 = 1/3 × 10 −1 . We added several path 278 constraints enforcing a prescribed average gait speed corresponding to the child's average gait speed 279 (d/t f = 1 m s −1 ), imposing periodic states over the complete gait cycle (except for the pelvis forward 280 position), and preventing inter-penetration of body segments.
281
Model-based analyses 282 We investigated the differential effects of altered muscle-tendon properties, reduced neuromuscular 283 control complexity, and spasticity on gait patterns predicted with the MRI-based musculoskeletal model 284 (Figure 1) . In particular, we compared predicted joint kinematics and kinetics, muscle activity, and stride 285 lengths to their experimental counterparts. We also evaluated how impairments affected the metabolic cost 286 of transport (COT), defined as metabolic energy consumed per unit distance traveled.
287
First, we tested the influence of altered versus unaltered muscle-tendon properties by using personalized 288 versus generic muscle-tendon parameters in the muscle dynamics (Q i in Figure 1 ). In this initial analysis, 289 we did not include spasticity, nor imposed synergies.
290
Second, we assessed the impact of reducing the neuromuscular control complexity by imposing fixed 291 numbers of synergies (Q ii in Figure 1 ). To assess the effect of reducing the number of synergies, we 292 compared the synergy activations resulting from simulations with three and four synergies using the 293 coefficient of determination R 2 and the synergy weights using Pearson's coefficient of correlation r. We 294 generated simulations with both sets of muscle-tendon parameters to explore the effect of synergies in 295 isolation as well as in combination with altered muscle-tendon properties.
296
Finally, we evaluated the effect of spasticity in the three medial hamstrings and two gastrocnemii of both 297 legs (Q iii in Figure 1 ). We modeled muscle activations as the sum of reflex muscle activations determined 298 based on the personalized spasticity model and feedforward muscle activations:
where a f f are feedforward muscle activations, and a F t and a dF t are muscle activations from muscle force 300 and force rate feedback, respectively. We only tested the effect of spasticity based on the model with 301 personalized muscle-tendon parameters, since these parameters were used to estimate the feedback gains.
302
We tested the effect of spasticity in combination with selective control (i.e., no synergy constraints) as well 303 as with a reduced number of muscle synergies.
305
As an additional analysis, we investigated whether the child adopted an impaired crouch gait pattern 306 because of neuro-mechanical constraints or because it was more optimal (Q iv in Figure 1 ). To this aim, we 307 added a term in the cost function that penalized deviations from measured kinematics of a TD child:
whereq are measured joint positions of a TD child and w 6 = 100/20 is a weight factor. We generated 309 these simulations with personalized parameters as well as with and without synergies. We did not include and increased COT (Figures 3 and S2; Movie S3 ). The right knee flexion angles increased during stance 348 with the reduction of the neuromuscular control complexity but were still smaller than experimentally Figure S4 (Supplementary Material). When accounting for spasticity, total activations (green) combine spastic (solid black) and nonspastic (dotted black) activations. Vertical lines indicate the transition from stance to swing. Experimental data is shown as mean ± two standard deviations. Experimental EMG data was normalized to peak activations. Lh is for long head. Figure S5 (Supplementary Material). Vertical lines indicate the transition from stance to swing. Experimental data is shown as mean ± two standard deviations. Muscle fatigue is modeled by activations at the tenth power. Passive muscle forces are normalized by maximal isometric muscle forces. Sh is for short head. The influence of synergies on predicted walking gaits is depicted in Figure S6 (Supplementary Material).
DISCUSSION
We demonstrated the ability of predictive simulations to explore the differential effects of musculoskeletal 400 and motor control impairments on the gait pattern of a child with CP. In this specific case, aberrant 401 musculoskeletal geometries and altered muscle-tendon properties explained the key gait deviation of 402 the child, namely the crouch gait pattern. Accounting for aberrant geometries alone (i.e., MRI-based 403 model with generic muscle-tendon parameters) did not result in a crouch gait pattern. Despite altered 404 muscle-tendon properties and aberrant geometries, the model could still adopt a more upright gait pattern 405 (TD kinematics tracking). Yet such pattern was less optimal as it induced higher muscle fatigue compared 406 to the crouch gait pattern. These simulations thus suggest that adopting an upright gait pattern for this 407 child might produce an early onset of fatigue, which might explain in part why the child walks in crouch.
408
Importantly, not only fatigue, but also joint accelerations, passive joint torques, and metabolic energy rates 409 increased with an upright gait pattern, likely contributing to the selection of a crouch gait pattern.
410
Decreasing the neuromuscular control complexity through a reduced number of synergies had a lower 411 effect on the simulated gait patterns than muscular deficits as evaluated when comparing simulated gait patterns obtained with personalized and generic muscle-tendon parameters. Nevertheless, the synergies resulted in increased knee flexion in several simulations, indicating that impaired selective motor control 414 may contribute to gait deficits as suggested in prior simulation studies (Meharbi et al. (2019) ). In this study, 415 we imposed the number of synergies but not the synergy structure (synergy weights and activations were 416 optimization variables and not informed by experimental data). We thus explored the effect of reducing the 417 neuromuscular control complexity but not the impact of imposing the child's experimental synergies. We 418 expect this impact to be limited for this child since he had a good selectivity. Nevertheless, further work 419 should consider such investigation.
420
Our predictive simulations generated both movement patterns and the underlying synergies. Only 2014)). However, it would be premature to draw 438 such conclusion based on this analysis for a single child. First, spasticity was only taken into account for projects/predictcpgait upon publication.
